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Recent Issues in the Design and Construction of

High-Performance Shotcrete Lining
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Myeong-Sub Lee and Jae-Kwon Kim

Abstract The development of high-performance shotcrete lining is essential in improving the long-term durability
of tunnels and in introducing single-shell tunnelling methods, where shotcrete as well as rockbolts are used as
permanent support members. In this paper, new and advanced admixtures to improve shotcrete performance are
introduced. In addition, requirements for mechanical properties as well as test items for quality control of shotcrete
are summarized. A case study on the application of the pneumatic pin penetration test which can estimate compressive
strength of shotcrete more easily and quickly is also illustrated. Previous studies to analyze the behaviors of shotcrete
lining by considering its transient hardening and to carry out the sensitivity analysis of the design parameters of
shotcrete lining are discussed to give fundamental concepts on rock-support interactions. Representative single-shell
tunnelling methods where high-performance shotcrete lining is applied as a permanent support are also introduced.

KeyWords Shotcrete, High-Performance, Admixture, Rock-support interaction, Single-shell tunnel

£ B £3¥EQ REES 97 A HAYR ALk A2 HITHE =YL B9 A7) 24E Al
717] fshAlE s AT ES Fido] ot A 2 =RME £aEL] 19%53E H3 A
23 IE SR E LEFIL F9Jo A HEHI Sl £3EQ AR AAV|E FATY AFPESS
eI 53] @A £ABEL Y EE 42 MEA ST 5 e $7194 pin BAAYY HE
AR E LA ER £AE o] g Ante] 45482 Bt HHStA PR 4= Q=g L3 E o)
39 AR Q) FoEAS 1RT ol 24 S4Tt £ E go|d o] AAASES gt i E B4 dHE
i}gﬁ}ﬁﬁ% “]}Zg‘;—ifii s £2E SoldE FPARAR AMSShe A 24 B3 el O
S-S AASHATh

MO £32E, Y5, EAR, PAE F22E, 424 HE

.M B

TUNNEL & UNDERGROUND SPACE, Vol. 14, No. 1, 2004, pp. 1-15

T2 £3E7 g8 ALt 247 S

saeEst 2RES 2R Agsel ANl
olhE AAIFo = AN RGBS et &
£3}= NATM (New Austrian Tunnelling Method) 7}
o] EAXoZ 1980 E] %512 dAo] =QH

V89, A2AAV|EATY AAT R ALEAATUY
2 Q3d, @RAA7IeATY AutATE Ay
VA8, ASYetE AR HN AT 20

D ARABAHF) AARE BERY)EY BF

Y AEANF) ALRE BEEY|SY By

O FEY, AABACF) FHSE BRI SPAR

* 3 A 2] A Corresponding Author): sooho@kict.re.kr

H4=9: 20049 29 279

A4 22 : 20049 39 29

£ATE B2 AAEHo] T2 ARREHOW, 3
SE Zfed o] A 9 48 59 o= A
£ S4F o] £2 AMEEIL §lth 0|23 NATM
o BHdgAtolME 3 EY 22 Bd AEA o]
Qlof| 22 ZAE ol ehdsal Qirk FAIE
golge] 2§ 27)ofl= 22 HFo] opd AEFTL
e 9 gk FEE FAou T &9
A 27} Fofde 712 AJuto| 2k, HilgeAl o] A
A3l Tl At e Fee 5 A7IHoR e
= BEAR oo HiRt S SIS A
A - AFEA ok 22 BA7EA] ojedt FaYE
Ztold o] dxjeo mE HETt 5 9 Aol E-
sof A gFom, AREEA F7IAE, FHAe



2 s #AE ol HA % AlF7lE 24

FAY, 2UI 59 EARE =273 k. G
71590 B fAEelEolg £3PE B I
glo} BY ebdAlE @ fA|uso] e 2ok B
A WY1 Ak olF EAEE A 15t
of 2o 2 - Slofis ZAe)E golde Bt
) Q3 £32E0 SRES JIARAR FEFe
4)24 (single-shell) EdEo] thit @77t Aas|m
ok,

olefst g 2ol EstaL e A7IT
48 A7) AL SRES} ol R4% %
FejEo] Aol WeAold. i ol WA
A FujolA] ABETL Qe 3= Zwt YT
e FARAN L7l Bl wot $IBE
o) Az @ HiEhIol g kel Avt Bask A
Holeh. 3 H'29] A7) - HHN AN} fAE
doido] A5are-g A LX) Fala ok

gubd 2 molAE £32Ee] 4EEE Y F
27, B 2 B4 5o £3E A F
- o) BEAT S 2SR Bk mak AF
ololq Heshn Qe fI)E] AN WAVET
249 AEPYSL Helsigek B3 7194 pin
BYAHT} o] FAoA A W= BT 5 Yk
Az eEAPe AWIRES 28I £3E
olide] A7 - s FRolAE £ A7HIES
ABEAE Tejet o2 IS AL, 43
FE elolda Aute] ABARE SHolN F9 WL
A $aEe) AAIASE B glat U
5 24 29SS Helsigk oo ¥ Avket &3
2le ol Ajole] QlEmolA (interface) SAf o
3 A¥ANSE Avfsigich

olfomRE £aeE sloldd) IS et 7|
2 Azl ¥5 WAYTS AAFLA Hk

Fig. 1. Airless shotcrete system
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Fig. 3. History of high-performance shotcrete in Europe

u[Zgt AAelct (SK74A, 2001; SHEmR-FAL, 2001;
vl 5, 2002). £3 A7} & (silica fume) T 22
IET ARE EQJSe A A=E4 B9 opzl g
HIRE o Bt Bt Qe A0R BE e
= s, A Yo jEsfof s Hind o
7tk BA dlge] Iuf AlgadFo] gick olet ol
ANA] £AHNEY RYFTHE Y FY AT =
71dA WEER 9l AAolch

vy ZeojM= A Bl e} IYFASE
st EE At &34 45 Al (super-
plasticizer) S A-€3}7 Qlon, 7448 B Fo2 Q]
B Ut AH3E FAs) Yk 2R gd
(polypropylene)¥} -2 ARl gt ATE 48
Zolty. T3 $-85%)E (EFNARC, 1996), ASTM
(715 € JSCE (&2) 5oll 2= E A5} ZYuT
= gt 2% 71E2Eo] Ws- B A gl

A2 EZHoA FHNAL £3E SAFFS
Aejste Fig. 3% g}, a9} Zo] B4y FEAE
AgERE ALY £ITEE 1980 FTEX) AMEH
Qom £3EQ ISl tAdsle] Holu

A 74251 Q)= microsilica, & A7} E2 1980
Yof SuRRE ARREICE 1990 dizol= AR £3
HEN g FAA HE FEAAR A=)
om 1 olFol &4 £anE} A7 YRiskEY
th T3 FURch 47 1990 SRio] gEE 24
FAAE AESE] ARgLeT ARzt o] Abgol o
HisElQic) 1990¢T] FHtole s deAlY) 4%
o] SR EAN E/NHERIE 0.36~047H2] W0 £
B9 n7ke/f/d3kE Hsta Qlch
£3) Bde) Y7uske: gk £3E loldE
FrARAZA Hg517] YoM £adeg] A4
ZE7E BeAHoln) kEooA 1980 FHI7EA]
AEd £3zE golde WAL RARE AT
(Davik, 1996), Gt 84071 @2 2HA £2E
o] FaleAT PG SAlT 22 g Ast B
=|o] (Fig. 4~5) f£aE9] UF4do] elde] &7] ¢t
R Be] 98 S Faskhe B2 A2
t},
o))st WA 918 Garshol (2002)8 2=
Yagel g3 =X ESREEE =St o
|3 #E AE2E Ytk
< FEEAVF A E3AE AL E (work-
ability)Z FASTHA 40%7H4] & AHRRE £Y
& Atk BAMEY)= 7P S8 WY A
oln& 7Medt W2 7S ARESfof itk e
ARMEME BE Y4 Hrel A IFE
77Tk
- sElAo] EspEE AES] 5} e 9 g3
A2k} ¥4} A glo] o HEA] £3YE
o] BH8E I EE gtk
- ke SAAE ANE S99 10%717] A

Fig. 4. Leaching of shotcrete in wet areas

Fig. 5. Surface corrosion of steel fibers
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Table 1. Mix design applied in Lerdal tunnel (Norway)

Mix design
Cement (CEM 42.5) 439 kg/m®
Aggregate (0 ~ 8 mm) 1,670 kg/m’
Silica fume (Microsilica) 30 kg/m’
Super-plasticizer (Glenium T803) 2.7 kg/m’®
Concrete Improver (MEYCO TCC735) 5 kg/m?
Steel fiber (Dramix 30/50) 44 kg/m’
Water/Cement ratio 042
Stump 20 ~ 22 cm
Thickness applied 10 ~ 15 cm

Alkali-free accelerator (MEYCO SA 161) 7.5 %

Rebound <5%
Compressive
Ages strength (MPa)
30 minutes 0.8~09
28 days ~ 42
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Table 2. Specifications for compressive strength of shotcrete in Korea (28 days, kgf/cm?)

Ministry of Construction &
Transportation

Korea Highway Corporation

Seoul Metropolitan Subway
Construction Headquarters
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200 210
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Table 3. Requirements for compressive strength of shotcrete

Age of Shotcrete Compressive strength (MPa)

Reference Source

8 hours 5 Wood(1992)
1 day 5 Japan Tunnelling Assoc. (1991)
7 Austria(J17]3)
8* AFTES(1992), Great Britain
9 Austria(J27] &)
10 EFNARC(1992) %
3 days 20 Wood(1992)
7 days 17* AFTES(1992)
25 EFNARC(1992)
30 Morgan(1991), Wo00d(1992)
28 days 18 Japan Tunnelling Assoc. (1991)
25%% AFTES(1992)
30 JCI(1991), EFNARC(1992)
35 Great Britain, Stockholm City Streets and Traffic Admin. (1990)
35%%% Maidl(1992)
38 Austria(J171%)
40* Maidl(1992)
40 Austria(J27] &), Morgan(1991)
45 Swedish Railroad Dept.(1991)
90 days 35 EFNARC(1992)

* Arithmetic mean ** Characteristic strength
EFNARC: European Specification for Sprayed Concrete
AFTES: French Tunnelling Association

*** Single value

JCI: Japan Concrete Institute

Table 4. Development of sprayed concrete

Parameter 1980s 2000s 2020s Comment
UCS 25 MPa 40 MPa 40 MPa No difficulty remains here
Rebound 30 % 10 % 5% Small gains still possible
Water glass Alkali-free
Accelerator works well Safe Safe and works well Some way to go yet
Productivity 6 m’/hr 8 m’/hr 10 m*hr Productivity hampered by cost
Cost (same $) 100 125 75 Requires lower cost base
Toughness 200 J 400 J 1,000 J Major advances still to come
(round panel)
Health and safety Poor Good Much better Standards keep rising

Table 5. Requirements for flexural strength (EFNARC,
1996)

Minimum flexural strength (MPa)
Strength class C24/30  C36/45  C44/55
Beam flexural strength 34 4.2 4.6
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¢
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£ pin VYA, FUlEFH AF 5ol o, AlFH
gol AL 7T FEEA7T W A¥ET
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Table 6. Residual strength class definition points (EFNARC, 1996)

Deformation class Beam deflection (mm)

Residual stress (MPa) for strength class

1 2 3 4

0.5 1.5 25 3.5 4.5

Low 1 1.3 2.3 33 43
Normal 1.0 2.0 3.0 4.0
High 4 0.5 1.5 2.5 35

Table 7. Energy absorption requirements (EFNARC, 1996)

Toughness  Energy absorption in joules for deflection
classification up to 25mm (J)
a 500
b 700
c 1000

Table 8. Bond strength: minimum requirements (EFNARC,
1996)

Type of Minimum bond strength ~ Minimum bond

bond to concrete (MPa)  strength to rock (MPa)
Non 0.5 0.1

structural

Structural 1.0 0.5
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o 719% A2 Hrk mEkA F7I%4 pin FUA]
e 271" o132 £3adE F=E FYstet A
43t7] fleiM= oleldh dFEL 1ofE SUHEd A
7F e ACR =ofelgirt. 3 | Esin AlY
& £AE =g IS AT WEHUE e
2 13 ofEE AoR A3

5. £32E 2jo[de] A A iy

£3E glo|'g9] Hhy EHEL M T ARt
upet F7bst, TS £32]E glolido] ZHaldo utat
23gE o] FHAHoR A%k d1F0] A-gHA
Hek o]t £3E glo|d 9] A7HEAR] AT
HY& FFshe 5 AA ARANLSEY AR
ofuigl £3E Fod9 T HPAENel hHEa
P 7|

JEu EA7ER] £3 B E ol o] AZreEA B4
=& Ao Ags] wrdstA] Eakal Y AA ol
I E-ES] 234 SAoME sHEEEE dE =Yst
of F2GA o T £ E gtoldo] FF E4ES 1L
gJslal st glony, T siEEEE e At
SRS g oigt g2 EAEEe] AL
otk 321 MM A AJ7E U] LA EL]
AEAS F4 s or AFgs] nElshy] ozen,
o)) g A7} ko] Fasirh dRE 72
uck. H Eol £3EY AELS BAS] A%t
FARAE| NLER glov, eSS ATk
AYANG o2 RE] Ay olgler 7|E F4
2IHE gl A7 ik

T3t A BA Q] Hit A4S olgste] Ahkat A® A
2819 4o AE-S T 4 Qs olEA el
£33 (convergence-confinement method)©] g
2] Z-g= 3 9t (Hoek & Brown, 1980). spx]qt o9}
Zo] ARAY7E AAAIFE dAe S 7Bk 7t
Aot o] YoM £ZE Flo|de Azt

c

i
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Table 9. Test items for quality control of shotcrete

Ages Test items Europe Japan
Consistency @) 0]
Wet-mix Air content e} A
Specific gravity O o}
Fresh Dry-mix Water/Cement ratio ) 0O
concrete Fiber content o} O
. Slump 0 ]
Steel fiber reinforced -
Air content e} A
Specific gravity O e}
Pull-out test 0 e}
Schmidt hammer test O A
. Compression test by Beam specimens - )
< 24 hours Compressive strength - -
Modified penetration test o} -
Pin penetration test o} -
Pneumatic pin penetration test - o}
. Compressive Boring core O 0
Quality control
strength Beam mould - o)
Indirect tensile test Q A
Tensile strength - -
Direct tensile test ¢} -
. ) Bond test 0 R
Mechanical properties
Flexural strength 0 [
> 24 hours
Flexural toughness ) (]
Shear strength - A
Frost resistance o} -
Density O o}
Others X .
Chemical resistance 0 -
Permeabiltiy Q -

Note) O: General, A: Rare, []: Only for high strength and steel fiber reinforced shotcrete -: None

350
o 3004
Ei
17
g e 250 4
0’9
o 2001
§ =
82w
E B 1501 é UCS = 47.32 + 62.80 In(time+0.50) (R’ =0.92)
5
o
2 % 100
a2 -
g% 1 deinn 7 kgfer’ ® PinA
g 504 /X Pin A: 64.94 kgfiem® o PinB
- 1 A Specimens
0 L L T T — 1 | S -
0 5 10 15 20 25 30 3s

Curing time (day)
Fig. 8. Pneumatic pin penetration test at tunnel wall Fig. 9. Comparisons between actual uniaxial compressive strengths
of shotcrete cores and their estimated compressive strengths
from the pneumatic pin penetration tests
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SELHE H7R £ glon B SAEA T2 A
34& 1A R

53] 2uiY] AR A= ol8d ZAfle] AE
A Aol &St glon £AE Tog e AT
A L AAZRE Foll digh FFHRA 7l gleth B
o] 3xpd o)Fe] titd EHde| didt REAHEE
AR =] QUA] ot thFet AHtxZ A AAZL A
Hojjglo] o234 sfj4m7o] Basirh

£ Aolis £ E golgel digt A2E 34 7]
oz, £3E HIEHS 1F £3E
o|\d it X|¥ke] A3 ahgo] thgt o] &4 sl H £
IIE Tho|d ] AAAS gt vid= 4 AHEE
2708k} i)

51 £33 E 2to|He] HAENS TSt 0|2 5N

AT E(2003)2 £ E oyl A7tz A
SRE/3E i3t o] B4 skt Bl ARk 3 8E g
o'J7te] AT aE-S MBI, ojdf L3 E o)y
o] NTHEH E4& Egh & $13te Oreste
(2003)7t Akt ol 24 s H-gsigict ol
g oj24 sl £3REY YEEet
A H3MEA Bt ozt Blde] ST &2
2E goldo] 4|9} Azt Wadt A7t 53 e
AFde Y & vk 2Eu £3E ol
2EE EL Jx|Holo] Bl 2B A|Agoe] 13
FahaL Qlo] B3t A HA| AR 7o) Zh A RA 744
E9] gt SYUsitiE 7149 (Hoek & Brown, 1980)-&
T8t Agst9ict

34 2}, £z E ebdARE AT S 7H
+ Aok AteEY H3kEAS nHt H9-o] 33

J H (1) shotcrete 10cm (transient)

\ (2) shotcrete 10c¢m (transient) + rockbolt
124 . {3) shotcrete 10cm {non-transient)

(4) shotcrete 10cm (non-transient) + rockbolt

Rockmass conditions
094 m=05,s#)oc1,m;01,s'=o
c‘=70 MPa, E~1,380 MPa, v=0.2
¥=0.02MN/m’, P =3.31 MPa. 1,5 33m
Shotcrete properties (10cm)
a=p=002, 0 =25 MPa, E=18,000 MPa, v=0.2
T @) Rockbolt properties

Refer to "Underground Excavation in Rock"
{by Hoek& Brown, 1980), pp. 277

0.6

Support pressure (MPa)

~ \\"‘Nroof
~floor— T wall— |
_— or- sy
0.00 0.02 0.04 0.06 0.08
Tunae! deformation (m)

Fig. 10. Analysis of ground-support reactions considering
transient hardening behaviors of shotcrete

A (equilibrium point)2 & X}olE KHol= Ao vjE}
wIth (Fig. 10). T3+ L350 G240 wE4E ¢
o] Ay AR g £a2|EV fgsjok
Sk A|EQYo] AXEE FUFT A=A S
o] Fastgrt (Fig. 11). £AES] & . £
of QlolAs £arEY FARG: FEE SR
£ o] anEe Ao Helwyr,

52 %32|E a2loe] MAIMES0l hst piz: HA

#H#3 5 (2003)2 £2E gtoldo] 2 AWM
B dial) NZEEA (sensitivity analysis)2 A1A|5}
of £3E} ANte] 43 ARE SHOA Fajt A
< "AE F8 AAJAES Bkt st o7
A RFERAE of2idt dHHsEy BY HeEY
ETHAGS F7Iske Wolth B IFEEA S B
49l E9o] YAHSEY| U] o|FA FFE =
A g7yste) 2Ee) ARt A& Aol ot A=/
< THAZI7) A3l ARgETH

UDEC3|4& 33l £3=E a4 4 6712} 2lH
Holx BA 6714, & F 12719 $a2|E B 44
At A L3 E gto|d o) Aol niXle JF
< WA OE FristuA} sigick Y deRE £
E glo|yd &7 &) 97kX|9] HATE e i3l
th & 4571¢] samplez:7io] thsj UDECE]42 HAls}
gon vzE B SimLab ver 1.0 ARR3FTH

e 4 AR, 23R A} A= o]
29] Heiitgol £aE gloldat 2Rk Agof 7}
2 FE vAE Aer Ueiyth §3] £adE
9] SATE £IE gold AdHa milE F
off AojAQl FFE vINH A2 A TAE A

07

064
05]

04
()3j

02

01 ]
00 oy T Y T T
0.00 02.01 0.02 0.03 0.04 0.05 0.06

Shotcrete strength = 25 MPa
Shotcrete thickness = 10 cm

— a=p=0.02
(SE_ = 1.009)

---- a=p=0.05 (fast hardening)
(SF__ =0.905)

~~~~~~~ a=p=0.005 (slow hardening)
(SF_, = 1.279)

Support pressure (MPa)

i

Tunnel deformation (m)

Fig. 11. Ground-Support reactions depending on different
hardening velocities of shotcrete
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t
¥ ™~ Elastic modulus

= 0.8+ v st ymod
5 ° ® stp
X O st ycomp
5 A st yield
) 0.6 -] & styr
o 4 std
5 9 if ks
o > it f
2 04 R o ifc
> o * if t
2 ' q 4| o itk
3 024 ¢ L 1
§ ¢ . .

0.0 L] 4 i

axial force moment shear force

Output factors (structural and mechanical factors)

Fig. 12. Sensitivities of mechanical and interfacial properties
of shotcrete on mechanical behaviors of shotcrete
lining

ok (Fig. 12). WahA 29| S FEA717] A3
A AREe] AeAgS uPste] =Rt ofyzt
S ES] @ASE A et e, ¢

B4 A wzeE gtz gt 44 49
& B8 7P FAE 718 AAoF & Aoz
#EE AT

EZ ARISIE0] 32 E 2foldo] FEEE Aol
A oA iAol Ak £ARE 2oy
Afo)o] Foatgel FH HEE ke A ¢+ 9
ATt (Fig. 13). mbA] AE{Ho| A0 A4S Hot
AF3HA B8 et 9lon olF FHsh] A 4
4 g7t 28g Aojoh 18al Ak £3E
gto]igzte] Jzargol iFt At AH=g F

10

0.9 4
0.8
0.7 4

0.6 4

0.3 4

W Experimental results

120

0.1 — C=0.797 (1) (R*=0.987)

0.0 T T T T y
0 5 10 15 20 25 30

Cohesion in S(fr)/rock interface, C (MPa)

Curing time, ¢ (day)

Fig. 14. Time-dependent behaviour of cohesion at interface

Elastic Interfacial ®

modulus v . tsi#::;s
5 " v st_ymod
& m stp
=3 ° g
g 061 A st yield
8 & st yr
kS < std
2 @ if ks
2% )
s q q o] !f_c
2 o * if_t
= 02 » % ilf_kn_J
-§ ..
< 8 §

0.0 3 s
normal force shear force

Output factors (interface factors)

Fig. 13. Sensitivities of mechanical and interfacial properties
of shotcrete on behaviors at interface between rock
mass and shotcrete lining -

AAZ17] YA o) Ao M A GRE uiet Zof Atat
SHZ|E ol Aol QUEHo|AS T F4o]
288 Aojth.

oje} o] HAFEeL T2 UE oA gol At
I £3E 2ol Ao & IS HA= A
o= BuHEN YA AEE AEHo|A S gt
A7k vl m AR AAolck. whEhA Bae 5 (2004)2
AA HE@RNM B £3BE/GA S0 ]
AN ES RAYSAEE HABIT, 2 A
Fig. 14 9 159} o] a7 EQ] A8tz S48t of
Uzt QEdio]ls EAE AZIEA FRELS 2
ol Aog vkt

0.40

~ 0.354

0.30

0.254

0.20 4

0.154
0.104
W Experimental results
0.054 4 0,=0.336 (1) (R'=0.989)
0.00 T T T T .
0 5 10 15 20 25 30

Tensile strength in S(fr)/rock interface, o (MPa)

Curing time, ¢ (days)

Fig. 15. Time-dependent behavior of tensile strength at
interface
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6. 1YS £32(E 2j0IdE HEsIL U= =2
Al
[5

NATME]'E-E 24} glo]g 3zt £ E Afo]o] WpA]
E7} AzjElo] ATt Hdo] WEER £3E
o} 22} o]y Ajolof] At o] HYER] ¢k olF
Z(double-shellyo|t}. 8L} AZHL 2B} 24k
o] UAst]o] AHzte] HAgHo] ALHE LEREA
kARl ZWoA vl FEjsich HaH] 42 &
Holle kE290]9] NMT (Norwegian Method of
Tunnelling), Y23} = Fod HEHD = 424
NATM 8|3 JES] NTL (New Tunnel Lining) 5
o] Stk

6.1 NMT

2 golo] ] YT NMTE Q Al4slo] elgh x)ut
B50] o) ARde] BwE AR ANMA A
02 TRES] AR £aEG YR Ty
5 22ES HYY GTARAR Hest A
Fa7E eolde WS Wil

NMT7} 2¢j5)7] olol] ALg=El Pojoiu4] u7g
seze|Ec el AU (lattice girden) 1]4lg3lo|
1 gL AZto] 2050 BYash] Fasee] 4|
£ 27Nk ol3fat 0|92 ABte] 2gfolo i
1983 WlellA] 1984 7k] 7|20 epoloful4] 27 %3
dES S4] SRR £ tsigon, 1
ol Fao Exed, UEed, diugs a9
1991964 19921743 AAE 62m %70} ¥ &3
o A7 TS BRES} e 27} saeE
2 7 AR ATl Tt 19926 NMT Ay
o] AA=gIch (Barton, 1998).

23 oo} 44 U A3

>
s

tnsulation 7
Membrane,

Fig. 16. Typical cross-section of a NMT tunnel

NMToA= £32Ee EBEE PFAEAYZ A
&3t7] Wge] A=/ DY e} WA
CT BEE AHE3l1 QIrt EZ NMTollA @44
FaRE A Bag A4S olgot - g Sia
AR Z=oyAE ZagE o]y (PCL, Precast
Concrete Lining) #-83}1L It} (Fig. 16). NMT+
A1) o] 22 Agun WE B9 %2 4
AR E AT glo) 1= 9lole) Aekadat fAKE 3
Yol FR3t g4 91 Ao slger

6.2 A= NATM

24 NATME 1830 £32/s0 EHES o
7 ARAZ AMESH] NATME) 23} 2ol thal At
Z73} Az wat oje) Zo| £32ES s
o AR O T|Eh AR NATM 5
3t} (Fig. 17). 424 NATMOA AMREl faee

2t E YHSHE et

oo e meowe we

(b) Single-shell NATM

Fig. 17. Schematic diagrams of support structures in NATM and Single-shell NATM
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= 2|5} ghold 715 Bl 2t 1EL £3E
ojojof aH YRor 2folo] £IZE HA7]
Z3b fARHA Agsta ok B3 BEEE 97 A
B2 ARE 4 Qg e, A4 e] SEE0)
ofo} ah] YEO| H2oll= FRP EEE7} A5 9l
ot &A= AWHEEE 67HA2 BR31AL 32 Q
A2EE Y Ao 9A ste] Agstal Qlok
EgE NMTS} o2 2 o - wfj e} ol 2oz 4
{8t A$ PCLE AA/T (247w > THER,
2001a).

6.3 NTL 3

dEolx /e NTLFHL 7|89 £38E 39
gidshe A2 A2 9 etold FHARA, AF
58 THIg ok uhEY, B, =S A
g 2aE (AEFHE A8 ANt d
FATE oS FEshe oI (Fig. 18 8
). AT 22 ES A e 2 Akt
of oo r o] HAjt o =S Aot @
Aebd IR EE AWkt 2R YIAAT|ER 324
& Agshe £IZEY B8 B7F=rt fpsia o
& 38 & Yohe AHE R eyt 271

o B rir e
1)

NTL B¢ #o{gol7l 34

Fig. 18. Comparisons bewteen NTL method and shotcrete
lining

Fig. 19. Cast in NTL method

7t gruislojo} a4} 1o} AFY HW|E ARGRITE
SAEL 7R Qtt (V= 47 v FHYERE, 2001b).

7.8 B

1) Hd ) A7) WAL Brrsta b - A <
ZH A B2 AHE 7L e HSd HEE
A 2L AFHe #8378 A=Y
A 3= EQ] Jgo] Q1HIL Qlth

2) AAGZFAME AP - AWAEL YE =
HEE 9oty dEHLA B NUEZE
HAA, o7t & 9 145 daAt deE e
AHEED Qleh EE R BA FoR %t
T Ak WAEH] fiste] ETjzaddat 2
< FAARl HE A7 A Foln

3) I £32E dAV|ES YFHE AFE H
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7ol AAE ] k. 53] FEEWALA, T
A 59 WA B Az i 7|e= ok
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£ 95t Tkt J1e gy FEARY FHol
a8k

4) el AR AL 0|24 ZAYC] FA 4
Aol fEstn g Aol 53] £az|ee] 4
AFA R AAE ol Hig AL 1ol 8l
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H AAEo] Al gt mebs 32 E 2oy
o] AZHJERR AREEE 1t Y 52 F
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5) 3RS A4 WMETE B WFE oA
SHARE 1R AR EVE REEoR ke Ao
AXNBER FY FERZNA HdEo] dadith &
T g FEEHAN £ E ol FAR
o A=E FUAYIE Aol A Al vER
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